ABSTRACT. Brown adipocytes, which exist in brown adipose tissue (BAT), are activated by adrenergic stimulation, depending on the activity of uncoupling protein 1 (UCP1). Beige adipocytes emerge from white adipose tissue (WAT) in response to chronic adrenergic stimulation. We investigated obesity-related changes in responses of both types of adipocytes to adrenergic stimulation in mice. Feeding of mice with high-fat diets (HFD: 45%-kcal fat) for 14 weeks resulted in significantly higher body and WAT weight compared to feeding with normal diets (ND: 10%-kcal fat). Injection with β3-adrenergic receptor agonist CL316,243 (CL; 0.1 mg/kg, once a day) for one week elevated the mRNA and protein expression levels of UCP1 in BAT, irrespective of diet. In WAT, CL-induced UCP1 expression in ND mice; however, the responses to CL treatment were attenuated in HFD mice, indicating that CL-induced browning of WAT was impaired in obese mice. Flow cytometric analysis revealed a significant decrease in platelet-derived growth factor receptor (PDGFR) α-expressing beige adipocyte progenitors in WAT of HFD mice compared with those of ND mice. Expression of PDGF-B, a PDGFRα ligand, increased in WAT following CL-injection in ND mice, but not in HFD mice. Treatment of mice with a PDGFR inhibitor significantly decreased CL-dependent UCP1 protein induction in WAT. Our study demonstrates that β3-adrenergic stimulation-dependent beige adipocyte induction in WAT is impaired by obesity in mice, potentially due to obesity-dependent reduction in the number of PDGFRα-expressing progenitors and decreased PDGF-B expression.
doi: 10.1292/jvms. and PDGF-CC), and one heterodimer (PDGF-AB), which exclusively act through PDGFRα, while PDGF-DD activates PDGFRβ [8, 22] . Binding of PDGF to the receptor induces the dimerization of the receptor, sequential activation of receptor tyrosine kinase, and autophosphorylation, which in turn activate downstream signal molecules such as phosphatidylinositol 3-kinase-protein kinase B/Akt (PI3K-Akt), Janus-activated kinase-Signal transducer-activated transcription (JAK-STAT), and phospholipase C [6, 8, 22] . It has recently been reported that PDGF-CC secreted from endothelial cells induce beige adipocytes in WAT, enhance whole body energy expenditure, and improve glucose tolerance in HFD-induced obese mice [27] . Therefore, the PDGF pathways could be involved in the browning of WAT through the regulation of PDGFRα-expressing progenitors in WAT. However, there is little information on the role of the PDGFs-PDGFR pathway in beige adipocyte induction.
The existence of functional BAT has been reported in adult humans [23] , and the gene expression characteristics in human BAT more closely resemble those of murine beige adipocyte than brown adipocyte [28, 34] . The amount of human BAT is negatively correlated with adiposity and the amount declines with age [35] . We have previously reported that browning capacity in WAT declines with age, in addition to a reduction in the number of PDGFRα-positive cells [29] . Since aging is generally accompanied by the accumulation of WAT, we hypothesized that aging-dependent decreased browning capacity is attributed to obesity. In the present study, we investigated whether diet-induced obesity influences browning capacity and the number of PDGFRα-expressing progenitors in mice. In addition, to understand the mechanism of the regulation of the number of progenitors, the role of PDGF signaling was examined.
MATERIALS AND METHODS

Animals, treatment, and sampling
The experimental procedures and care of animals were approved by the Animal Care and Use Committee of Hokkaido University (Hokkaido, Japan). All experiments using mice were conducted in the animal facility approved by the Assessment and Accreditation of Laboratory Animal Care. Male C57BL/6J mice were housed in plastic cages in an air-conditioned room at 23°C with a 12:12 hr light:dark cycle. To examine the effect of obesity, 7-week-old mice were fed with high-fat diets (HFD; D12451, 45%-kcal fat, Research Diets, New Brunswick, NJ, U.S.A.) or a control diet (ND; D12450B, 10%-kcal fat, Research Diets) for 14 weeks. The mice were subcutaneously (SC) injected with β3-adrenergic receptor agonist CL316,243 (CL; 0.1 mg/kg/day, once a day, American Cyanamid, Pearl River, NY, U.S.A.) for 1 week before sacrifice.
To examine the effect of the PDGFR inhibitor, mice were injected with imatinib mesylate (100 mg/kg/day, Fujifilm Wako Pure Chemical, Osaka, Japan) or saline for 10 days intraperitonealy (IP). From the fourth day of imatinib mesylate-injection, CL (0.1 mg/kg/day, SC) was simultaneously injected for 7 days.
After the treatments, mice were euthanized with carbon dioxide, and interscapular BAT and inguinal WAT quickly removed and transferred into liquid nitrogen for western blot analysis, RNAlater storage solution (Thermo Fisher Scientific, Waltham, MA, U.S.A.) for quantitative PCR analysis, 10% phosphate-buffered formalin for histological examination, and for stromal vascular (SV) fraction isolation and flow cytometry analysis.
Isolation of the SV fraction and flow cytometry analysis
Adipose tissue fragments were cut into small pieces and incubated in a Dulbecco's Modified Eagle Medium (DMEM) solution containing 2% fatty acid-free bovine serum albumin (Sigma-Aldrich Fine Chemical, St. Louis, MO, U.S.A.) and 2 mg/ml collagenase (Fujifilm Wako Pure Chemical) at 37°C for 2 hr with shaking at 100 cycles/min. The suspension was filtered through a 200-µm nylon filter and centrifuged at 120 × g for 5 min at room temperature. The pellets were suspended in ACK erythrocyte lysis buffer (150 µM NH 4 Cl, 10 mM KHCO 3 , 1 mM EDTA-2Na). The sample was centrifuged at 120 × g for 5 min at room temperature. The pellets were suspended in PBS containing 2% fetal calf serum. The number of SV cells were determined by counting the viable cells in a hemocytometer after staining cells with the Trypan blue dye.
Flow cytometry analysis
The SV fraction suspended in PBS containing 2% fetal calf serum was incubated with a mixture of antibodies containing either anti-CD31-PE-Cy (BioLegend, San Diego, CA, U.S.A.), anti-CD34-PE (BioLegend), anti-Sca1-PerCP/Cy5.5 (BioLegend), and anti-PDGFRα (CD140a)-APC (BioLegend) or containing anti-CD11c-FITC (BD Biosciences, San Jose, CA, U.S.A.), anti-CD206-PerCP/Cy5.5 (BioLegend), and anti-F4/80-APC (BioLegend) for 30 min on ice. After centrifugated at 1,000 × g for 10 min at 4°C, the supernatant was discarded, and the pellet was suspended in PBS containing 2% FCS. The suspension was filtered through a 40 µm nylon filter and analyzed on a flow cytometer (BD FACSVerse, BD Biosciences) with singlet discrimination to detect APC, PE-Cy, PE, and PerCP/Cy5.5 stained cells.
mRNA analysis
Total RNA was extracted using RNAiso reagent (Takara Bio, Shiga, Japan) according to the manufacturer's instructions. Total RNA (2 µg) was reverse-transcribed using a 15-mer oligo (dT) adaptor primer and M-MLV reverse transcriptase (Promega, Madison, WI, U.S.A.). Real-time PCR was performed on a fluorescence thermal cycler (LightCycler system; Roche, Mannheim, Germany) using FastStart Essential DNA Green Master (Roche). Absolute expression levels were determined using a standard curve method with respective cDNA fragments as standards. The mRNA levels are expressed as relative values compared to β-actin mRNA levels. The primers used in the present study are listed in Table 1 . 
Protein analysis
Tissue specimens were homogenized in Tris-EDTA buffer (10 mM Tris and 1 mM EDTA, pH 7.4). The samples were centrifuged at 800 × g for 10 min at 4°C, and the fat-free supernatants were collected and used for protein concentration measurements and western blot analysis. For the western blot analysis, proteins were separated by SDS-PAGE and transferred to a polyvinylidene fluoride membrane (Immobilon; Millipore, Tokyo, Japan). After blocking the membrane with 5% skim milk (Morinaga Milk Industry Co., Tokyo, Japan), it was incubated with a primary anti-rat UCP1 antibody, a kind gift from Prof. Teruo Kawada (Kyoto University), an anti-bovine cytochrome oxidase complex 4 antibody (COX4; Molecular Probes, Eugene, OR, U.S.A.), or an anti-β-actin antibody (Sigma-Aldrich Fine Chemical) for 1 hr. The bound antibody was visualized using horseradish peroxidase-linked goat anti-rabbit immunoglobulin (Cell Signaling Technology, Danvers, MA, U.S.A.) for the detection of UCP1 and β-actin or horseradish peroxidase-linked goat anti-mouse immunoglobulin (Cell Signaling Technology) for the detection of COX4, and an enhanced chemiluminescence system (Millipore). Total UCP1 or COX4 contents (arbitrary unit per depot) were calculated by multiplying the protein amount detected by western blot (arbitrary unit per µg protein) by the total protein amount extracted from the whole depot (µg per depot).
Histology
Tissue specimens fixed in 10% formalin were embedded in paraffin, cut into 4-µm-thick sections, and the sections stained with hematoxylin and eosin. The stained samples were examined under a light microscope.
Data analysis
Values are expressed as means ± SE. Statistical analyses were performed using Student's t-test or ANOVA followed by Tukey's post-hoc tests. All the statistical analyses were performed in IBM SPSS.
RESULTS
To examine the effect of HFD-induced obesity on beige adipocyte induction, mice were fed with normal diet (ND: 10%-kcal fat) or HFD (45%-kcal fat) for 14 weeks. HFD feeding led to higher body weight (36% higher than ND mice), and increased BAT and WAT weight (Fig. 1) . The brown adipocytes in HFD mice had larger lipid droplets in the cytoplasm and the sizes of white adipocytes were also larger than those in ND mice (Fig. 2) , suggesting diet-induced obesity. ND mice that received β3-AR agonist, CL316,243 (CL)-injection for 1 week exhibited multilocular adipocytes in inguinal WAT (iWAT), suggesting the induction of beige adipocytes upon β3-adrenergic stimulation (Fig. 2) . However, the emergence of multilocular adipocytes in iWAT was significantly lower in HFD mice than in ND mice (Fig. 2) .
To assess the degree of beige adipocyte induction in iWAT, the expression levels of Ucp1 mRNA were investigated. Basal Ucp1 mRNA expression levels in BAT in HFD mice were comparable with those in ND mice, and the levels increased approximately two-fold following CL-injection in both ND and HFD mice (Fig. 3A) . Similar changes in the mRNA expression levels of cytochrome c oxidase 4 (COX4), a mitochondrial marker, were observed in BAT in both ND and HFD mice, while there were no alterations in the mRNA expression levels of peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC1α), -TCG TTA CCA CAG GCA TTG TGA T -3′, 5′-TGC TCG AAG TCT AGA GCA AC - a transcriptional coactivator that regulates the expression of Ucp1, Cox4, and other mitochondria-related genes. In iWAT of ND mice, Ucp1 mRNA expression was low at basal, but increased more than 8-fold following CL-injection, accompanied by increased expression of Cox4 and Pgc1a (Fig. 3B) . Nevertheless, the responses of the genes to CL-injection were markedly attenuated in HFD mice. Consistent with the mRNA expression levels, in BAT, CL-injection increased UCP1 and COX4 protein levels in ND and HFD mice similarly (Fig. 4A) . In iWAT, CL-injection increased protein levels of UCP1 and COX4 in ND mice but did not influence the expression levels of the proteins in HFD mice. The results indicate that CL-dependent browning of iWAT was impaired in high-fat diet-induced obese mice.
To examine the underlying mechanism of the impairment of CL-dependent browning of iWAT in HFD mice, first we analyzed 4 . Effect of β3-adrenergic agonist on protein expression in the adipose tissues in mice fed with normal or high-fat diet. UCP1 and COX4 protein levels in brown adipose tissue (BAT) (A) and inguinal white adipose tissue (iWAT) (B) of no-treatment control or CL-injected normal diet (ND) and high-fat diet (HFD) mice were analyzed by western blotting using 5 µg and 30 µg of total protein extracted from BAT and iWAT, respectively. ACTB is shown as a loading control. Total contents of UCP1 and COX4 per depot were estimated by multiplying the protein amount detected by western blotting (arbitrary unit per µg protein) by the total protein extracted from whole depot (µg per depot), and expressed as values relative to the respective amounts in BAT of control ND mice. Values are expressed as means ± SE for 5 mice. *P<0.05 by ANOVA followed by Tukey's post-hoc tests.
gene expression of β3-adrenergic receptor, however, there was no significant difference between ND and HFD groups (Fig. 5A) . Next, the amounts of PDGFRα-expressing progenitors in iWAT were analyzed. Although there was no significant difference in the number of SV cells in iWAT (Fig. 5B) , flow cytometry analysis revealed that the number of PDGFRα-expressing progenitors in iWAT of HFD mice (7.55 ± 0.42 × 10 4 cells/depot) was significantly lower than that of ND mice (1.49 ± 0.12 × 10 5 cells/depot), while there was no significant difference in the number of endothelial cells between ND and HFD mice (Fig. 5C ). As previously reported [24] , M1 macrophages, but not M2 macrophages, were significantly higher in HFD mice (2.20 ± 0.50 × 10 4 cells/depot) than in ND mice (0.60 ± 0.10 × 10 4 cells/depot). The results suggest that browning capacity of WAT decreased in obese mice potentially due to the lower numbers of progenitors. To evaluate the regulatory mechanism associated with the number of PDGFRα-expressing progenitors, the mRNA expression levels of Pdgf as ligands for PDGFR were determined. Among the Pdgf isoforms, Pdgfb and Pdgfd exhibited higher copy numbers of transcripts relative to Pdgfa and Pdgfc, and all the isoforms were not influenced by HFD feeding in iWAT (Fig. 6) . In iWAT, mRNA expression of Pdgfb was significantly enhanced by CL-injection in ND mice, but there was no apparent change in mRNA expression in HFD mice. Therefore, it is plausible the CL-induced PDGF-B regulates the proliferation or the differentiation of PDGFRα-expressing progenitors, leading to the induction of beige adipocytes. To examine this possibility, mice were treated with a PDGFR inhibitor, imatinib mesylate [18, 19] , together with CL. Although treatment with imatinib mesylate did not influence the number of PDGFRα-expressing progenitors in iWAT (Fig. 7A) , it significantly suppressed CL-induced UCP1 expression but not COX4 expression (Fig. 7B) .
DISCUSSION
In the present study, the effect of diet-induced obesity on β3-adrenergic agonist-mediated browning of WAT was investigated in mice. HFD feeding resulted in obesity with increased fat accumulation, and almost completely abrogated CL-induced mRNA and protein expression of UCP1 and the emergence of mulitilocular adipocytes in iWAT. The results indicate that CL-dependent browning of WAT was impaired in diet-induced obese mice. Since it has also been reported that stromal cell expressing plateletderived growth factor receptor α (PDGFRα) can differentiate into beige adipocytes [14] , we examined the number of PDGFRα progenitors in iWAT of ND and HFD mice. The numbers of PDGFRα-expressing progenitors were reduced following HFD feeding. Therefore, it is likely that the reduction in the numbers of PDGFRα-expressing progenitors is an underlying mechanism for the attenuation of beige adipocyte development in obese mice. The mechanism for underlying the reduction in the numbers of progenitors in obese mice was unknown. However, since it has been reported that PDGFRα progenitors have the capacity to differentiate into both beige and white adipocytes in response to cold exposure and HFD feeding, respectively [14] , it is plausible that more PDGFRα progenitors differentiated into white adipocytes than beige adipocytes following HFD feeding in the present study. Further studies would be required to determine the precise mechanism underlying the reduction in the numbers of PDGFRα progenitors. In contrast to WAT, the response of BAT to CL injection was not altered in HFD mice. The reason for this difference between WAT and BAT is not clear, however, beige adipocytes are distinct from brown adipocytes in developmental origin and gene expression pattern [11] . Also, it was reported that beige adipocytes have a significant impact on whole body glucose [7] and lipid [3] homeostasis. Thus, it is likely that distinctive role of brown and beige adipocytes in metabolism might be associated with the difference in their responses to CL injection in diet-induced obese mice.
Pdgfb mRNA expression in iWAT of mice fed with ND increased in response to CL-injection, and the expression levels were significantly lower in obese mice, while mRNA expression levels in the other three Pdgf isoforms were unaffected by the differences in diets and in CL or saline-injection in iWAT. In addition, Pdgfb mRNA expressed higher copy numbers of transcripts than Pdgfa and Pdgfc in iWAT, while Pdgfd mRNA expressed comparable copy numbers with Pdgfb. It should be noted that three homodimers, PDGF-AA, PDGF-BB, and PDGF-CC, and one heterodimer, PDGF-AB, constitute the ligands for PDGFRα, while PDGF-DD is the ligand for PDGFRβ [6, 22] . In addition, injection of PDGFR inhibitor considerably suppressed CL-induced UCP1 protein expression in iWAT without influencing the number of PDGFRα progenitors. Consistent with the above results, PDGF-BB enhances adipogenesis of orbital fibroblasts by enhancing the mRNA expression of peroxisome proliferator-activated receptor γ (PPARγ), a master regulator of adipogenesis [32] and a potent inducer of beige adipocytes through the stabilization of PRD1-BF-1-RIZ1 homologous-domain-containing protein-16 (PRDM16) [21] . Therefore, although it has recently been reported that PDGF-CC secreted from endothelial cell induces beige adipocytes in WAT [27] , the results of the present study highly suggest that PDGF-B is the β-adrenergic agonist-regulated dominant effector ligand for PDGFRα among the PDGF isoforms in iWAT for the induction of beige adipocyte differentiation, without influencing the progenitor recruitment, and that attenuated responses of Pdgfb mRNA expression levels to adrenergic stimulation in obese state is one of the potential causes of the decreased beige adipocyte development.
It was observed that the number of M1 but not M2 macrophages increased in iWAT following HFD feeding. Macrophages have a critical and opposite role in the induction of beige adipocytes. Anti-inflammatory resident M2 macrophages are reportedly induce beige adipocytes by synthesizing norepinephrine (NE) in response to cold stimulation [10, 20] . Conversely, pro-inflammatory M1 macrophages migrated into obese WAT suppress beige adipocyte induction in response to cold stimulation [16, 25] . In addition, accumulated fat is associated with abnormal expression of adipokines and chronic low-grade inflammation due to the macrophage infiltration [26] , which may contribute to the attenuation of beige adipocyte induction. In fact, cold-induced Ucp1 mRNA expression is downregulated in WAT, accompanied by an increase in the expression levels of TNFα, MCP-1, and other inflammation markers in obese mice [17] . In addition, UCP1 expression induced by adrenergic receptor agonist, isoproterenol, in C3H10T1/2 adipocytes, is suppressed under co-culture with RAW264.7 macrophages [24] . Therefore, increased infiltration of M1 macrophage in iWAT may also facilitate the attenuated browning of WAT in obese mice.
In summary, our study demonstrates that β3-adrenergic stimulation-dependent beige adipocyte development in WAT is impaired by obesity in mice, while brown adipocyte development through β3-adrenergic receptor is unaltered. The impairment is most likely due to obesity-dependent reduction in the number of PDGFRα-expressing progenitors and decreased PDGF-B expression. Our study could have implications for the obesity-dependent decline in human brown fat [31, 35] and the development of therapeutic strategies for the management of obesity.
